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PROCESSES AND APPARATUSES FOR TREATING HALOGEN- 

CONTAINING GASES 



Field ofthe_Disclosure 



The present disclosure relates to processes and apparatuses for treating halogen- 
containing gas, particularly fluorine gas. 

B ackground 

H a .o g en-co„,ain,ng gases are envtronmental hazards and must be removed or 

inc e it is 0 „,y mar g ina,ly so,ub,e in water and, thus, cannot be efftctently removed 
:i;Ie f n U L t s,rea m v i awa t er S cru bW n g .T h es„ l n b „„ yi nwa l e ri sa 1 s„poor f or 

other halogen-containing gases such as trichloroethylene. chloroform. 
I Moroe hv,e„e. vanous cluorofluorocarbons CCFCs"). and various 
lis ("PFCs"). Effluent .reams from semiconductor manufacturing often con,a,„ 
1 Joge„-con,a,ni„g gases. F 2 is of parttcular mteres, since ,, is becommg more 
common as an emission product from NF 3 - based dieieetric ehamber dean.ng 

""""conventional treatment of F ; gas involves combustion with a fuel gas (e.g. 
nat ural gas or butane, a, 700-80CC m a b„ m box resuiti„ g in the formation pnmar,, of 
t „g „fl U oride ( HF,,arbo„dio X ide ( C0 2 ,a„d water, .addition tothehtg^h a, 

prints and the need for a fue, gas. the convention, treatment method suffers 

teraPe Tn e al.erna,ive thermal process for destroying F 2 involves reacting the F 2 gas 

«hh steam in the presence of an oxidation source (e. g .. atr) (see Fhppo e, a... 

v,itn steam, k ,™i rnn™ Model 863 with Steam 

-Abatement of Fluorine Emissions Uuhz.ng an ATM! CDO Model 
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• Treatment— ^ 
5 —.ave.so.eend^sed. ^ — 

water in the presence of a thermal plasma. U.S. Patent No. 

•„■ ■ PFCs under plasma conditions to produce F 2 . Grothaus et al„ Harmful 
oxidizing PFCs under piasm Southwest 
r nnnds Yield to Nonthermal Plasma Reactor , Technology Today , (pub. 
Compounds Yield hv adding H? gas and passing the 

u, ,wSnrme 1996) describes treating NF 3 by adding n 2 g 
10 Research Institute bpnng tu» 

resultmg mix.ure through a pulsed corona —a, plasma reac.o, The products 

were said to be F 2 and HF. 

So-called -poin.of-.se- plasma abatement of PFCs ,n semtconduc 

„ Abater., Reduces PFC Sen—or ln,er„a„o„a>. Ju e 20 0. 

Rafter -VW-hO - -Eva.ua.ion of a Litmas W ^ 
ZTlbatementDev.cefo^^^ 

EMATECH. Technology Transfer «* 12 3605A-ENG (, —e r 
- EMATECH disclosure"). Point-of-use absent involves placmg 

r* > 1 0 IJ /cm') in the foreline of a process lool between the 
20 plasma source (n t > 10 /cm). nt SEMATECH disclosure 

.urbomolecular and dry pumps. Bo.h Vartanran and the SEMATECH 
mention that H ; could be an additive gas in the plasma. 

Despt.e these effort, a need continues to exts, for efficient memo* and 

apparatuses for treatmg halogen-containing effluent gases that operate a, low 
apparatuses to !, Such a „ e ed particularly exists for halogen- 

75 temperature and atmospheric pressure . iucn 

containing gases .ha, are only margmal.y so.uble ,n water such as F, 
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Halogen-contaimng gases are commonly-occurring emissions trom 

manufalg or cleaning processes sue, as etch.ng in sen—or manning or 
5 lel an, inanromooricmannfac^rmg. Huonne-laden gases are also a major 
Z 2 1 — smeL.ng. The d.sclosed processes and apparatuses offer an 
byproduct decreasing or eliminating the amount of 

efficient abatement option for substantially decreasing 

♦ ■„;„«, aas released into the atmosphere by industry, 
halogen-containing gas reieascu 

mixi n e at least one gaseous reducing agent with the treatment 
15 Lure in, he presence of a, , q u,d,o reduce the nalogen-contam.ng gas. Thenon 

one halogen-containing gas, mix.ng a, leas, one gaseous reducing agen, the 
20 re tmen gas resuUing in a feed gas m.xture. and general a p.asma m .he feed gas 
11 in the presence of hnuid water ,o reduce the halogen-— gas. 

A third embodiment involves inducing a halogen-containing gas and a 
d,,c,n, aeen. into a chamber, introducing a liquid into the chamber, 

exhausting the resulting reduct.on product from the chamber. Accordmg to 
llItoftheLembodiment.thechambercontamsat.eastone.ectrodeandthe 

licuid flows as a fflm over a. leas, a portion of the electrode. 

A fourth embodiment involves providmg a chamber defin.ng a, leas, one gas 
i„,e, for receiving a feed gas mix.ure ,ha, includes a halogen-containing gas and a 
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t ,nd at least one water inlet for receiving liquid water; providing 

electrode disposea wim electrodes so 

as t0 genera.e a plasma in .he feed gas mixlure and r « 6 ^ 

•o«t nf the fourth embodiment, the tirst eieuiuuc 
According to one variant of the tourtn ^ 

miX ' Urc Th e re is also disced a further embodiment for .rea.mg fluorine gas , ha, 

♦ the treatment gas resulting in a feed gas mixture, b 

ca „ be dissolved in wa.er for further treatment or recycling ra.her than 
presses can be dissolve ^ ^ 

discharged into the atmosphere. For example, r ; g water . solub le and is 

water. In contrast, the HF gas produced by reduction of F, gas ,s 
easilv removable from a gas stream via scrubbing. 

reduction reaet.on. Accordingly, • „ K „f the disclosed processes, 

generation do no. exceed abou, 100°C in many variants of the disclo P 

w ■« effect of the gas phase reduction products is subslanually 

Thus, the corrosive effec. of , P ^ ^ 

rZseousreductionproductscandis^^ 

plasma reactor. Thus, scrubbing of the reduction product stream 
completed, or a, leas, initiated, in the plasma reactor. 
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Also disclosed is a novel plasma reactor apparatus that includes a ctamber 
defining a. least one firs, gas inle, for receive a firs, gas, and a, leas, one water ,nle, 

defining a firs, surface that ,s in fluid commun.catton with the water in,e. for rece.vmg 
5 „ qu ,d water, and a, leas, one second gas ,„,e, for recetving a second gas; and a, leas, 
1 second decode disposed wnhin the chancer and opposing ,he firs, surface of he 
firs, elecrode; wherein a dielectric barrter is disposed on the firs, surface of the ft. 
e,ec,rodc and/or a surface of the second electrode. Another embodiment o a novel 
plasma reacor apparatus tncludcs a chamber; means for genera.ing a non-thermal 
,0 plasma in ,he chamber ,ha, includes a, leas, one electrode; means for mtroducmg a 

q uid over a, leas, a portton of the electrode; and means for bubbhng or tntroducng a 
L gas through the ,,uid and into the chamber for reaction in the nonthermal plasm, 
A further disclosure concerns a system for treatmg a halogen-conta.nmg gas tha, 
,„c,udes a plasma reac.or for reducing ha.ogen-c„n,aining gas. a nalogen-conuttning gas 
, 5 source in fluid communication w,,h ,he p.asma reaCor, a reducing agen, source tn flu,d 
commumcatton with ,he p.asma reaCor, and a liuutd source in flu.d «— 

with the plasma reactor. 

The foregoing features and advantages will become more apparent from the 
following detatled description of several embodiments tha, proceeds with reference to 
20 the accompanying figures. 

Rrirf p^ri ptinn of the Drawings 

Certain embedments are described below with reference to the following 
^ ^ FIG. 1 i S a S ect 1 onalv 1 ewofoneemb 0 d 1 mentofanovelnon-thermal.film 



discharge plasma reactor for use in the disclosed processes; 
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F1G .isasecionalviewofanrstembodimemofanovelelecrodc 
a rrangeme„Un a non-thermal. f.lm discharge plas m a reactor for use in the d.sclosed 

"'""Tic 3 is a sectional view of a second embodiment of a novel electrode 
5 arrangement in a non-therma,. film discharge p.asma reactor for use in the d.sc.osed 

Pr0CK no. 4 ,s a sectional view of one embodiment of a non-thermal plasma reactor 
for use in the disclosed processes: 

HO. 5 is a schematic of one embodimentof a system tha, includes the d.sclosed 

10 Pr0KS nG 6 is a graph depicting the amount of remarn.ng F 2 vs. applied plasma 
energv according to examp,es of one embodtmen, of the dtsc.osed process; and 

FIG 7 is a graph depicting the amount of remaining F, vs. apphed p,asma 
energy according to additional examples of one embod.men, of the disclosed process. 

DetaiMDescriEtiojL?^^ 
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The follow definitions are provided for ease of understanding and to gu.de 
those of ordinary skill in the art tn the practice of the embodrment, 

■Ambten, pressure and temperature" mean pressures and temperatures that 
Wal.y exist in an environment w.thout any externa, controls or energy such as a 

and ambren, temperature is approximately room temperature ,t,„ about 20 ,o 

25 3<m ' "Non-therma, plasma" denotes a plasma having species and partic.es a, very 

different temperatures. ,n contrast, a "thermal p.asma" denotes a p.asma whose spec.es 
and particles are all at the same temperature. 
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■Trea.men, gas" encompasses any gas or gas mixture tha, includes at leas, one 
constituent tha, can he destroyed or convened to a more environment.,, manageable 
species via the disclosed processes or apparatuses. 

Halogen-containmg gases tha, may be treated with the disclosed processes and 
apparatuses include tluonne gas (F 2 > and nuorine-containing gases (e.g., PFC. and 
fluorides such as NF3, C 2 F t . CF„ SiF 4 and SF 6 ), chlorine-contaming gases (e.g^ CI* 
tnch.oroethylene. chloroform, SiCU SiCbH, and perchloroethylene), fluorochloro- 
containtng gases (e.g., CFCs). bromine-containtng gases (e.g., Br 2 and brom.nated 
h drocarbons,, and iodi„e-eo„,a,„,„g gases (e.g., ,dated hydrocarbons). The dtsclosed 
„ processes and apparatuses arc pamcu.arly suitable as a v.able al.cma.tve ,0 water 
scrubbmg for gases that are only marginally solub.e in water such as F, 
.ricUoroethylene. chloroform, perchloroethylene, various CFCs and vanous PFCs. 

The treatment gas may include a mixture of different halogen-conta.mng gases 
and, opttonally, n„n-ha,ogena,ed gases such as mtrogen W and inert gases , ha, do no, 
, 5 act as sigmfican, reducing or oxidizing agents (e.g., Ar). Oxygen may a,s„ be -to 
optional component of the treatment gas. The amount of halogen-contammg gas ,n th 
Itmen, gas mix.ure may vary, for example, from abou, 0.00000, volume % ,0 about 
25 volume %. 

The reducing agent may be any materia, capable of donating hydrogen or an 
20 electron .0 the halogen-containtng gas ,„ effectuate reduction of the ha,„gen-con,a.mng 
gas Il.us,rative reducing agents include H, hydrocarbons, ammonia, hydrazmes 
hydrides (e.g„ B 2 H 4 and L,A.H 4 ), amines (e.g.. ethylamine and buty.amine), am.des 
(eg ureaandacetamide). water and similar hydrogen-r.cn materia,, Mtxtures of such 
reducing agents could also be employed. An inert gas ma, also be mixed wi, the 

and then subsequently vaporized for mixing with the treatment gas. Accord.ng to 
certain embodiments, a non-acueou, gaseous reducing agent is mixed w„h ,he 
,rea,me„, gas. A non-aqueous, gaseous reducmg agen, may subs,an„ally reduce 
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amount of electrical energy required to susta.n ,he non-thermal plasma. According to a 
particular embodiment. ,he reducing agent is H, when the halogen-containing gas ,s F, 

The relative amount of reducing agent mixed with the halogen-contammg gas 
may vary considerably. According to a particular embodiment, the relative amount may 
5 vary from about 0.5:1 <oab„u,4T H 2 :haloge„ atom molar ratro. In the case of H 2 as the 
reducing agent and F 2 as the halogen-containing gas. the molar ratio may be about 1 : 1 
(which equates to 1 : 1 by volume concentration ratto). In particular, the volume 
concentration of ft introduced into the F r con,aining treatment gas may be a. leas, 
equal to the volume concentrate of H Avoiding possible explosive conditions ,s also 
,0 a consideration in the F 3 /H 2 mix ratio. Options for eliminating explosive condmons 
may include diluttng the H 2 with an inert gas. addtng H; gradually to the F r con,a,„mg 
stream, and addtng excess H 2 above the amount that could be consumed ,n the reduetton 
reaction. 

The reducing agent may be mixed with the halogen-containing gas ,n any 
surtable manner. Complete mixing may be achieved prior to generating the plasma. 
Alternatively, the reducing agent may be gradually mtxed with the halogen-contammg 
gas during plasma generation. Such gradual mixing may reduce exothermtc heat 
generation and assist in avoiding explosive conditions. The mixta, may be 
aceompltshcd with any know, mixing procedures or devices such as, for example, static 
20 mixing, nozzles, baffles or a packed bed. 

The temperature and pressure of the treatment gas and the reducing agent a. the 
pointofmixingarenotcritical. The treatment gas, for example, can be at the 
temperature and pressure that exist in the effluent stream from any processing module. 
Typically, the treatment gas and the reducing agent are a, ambient temperature and 
25 pressure. 

Although no, bound by any theory, i, is believed tha, ,he reducing agen, reduces 
the halogen-containing gas via a reaction tnvolving generating a hydrogen radtcal (H-) 
in the presence of the plasma. The hydrogen radicals dissocate a free halide gas (e.g.. 
FO or react wtth a halogen atom ,n a halogenated hydrocarbon. By way of example, a 



reaction. 
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H 2 in a non-thermal reactor in the presence of water. 

(1) e- + F 2 - 2F. 

(2) e + H 2 -» 2H- 

3 H- + F 2 - HF + F- 

(6) -OH + H 2 — n2U 

Other possible specrftc reductions and reduction products tnclude. 

CFCs . H , -> HF + HCi + completed or partial* dehalogenated hydrocarbons 
u I SiF, '-> HF + silane or various fluorosilanes 
"a + HCI. methane and various chlorome.hanes 



20 



It is a ,s„ possibie to add 0 2 ,0 the feed gas fixture in the plasnra in these 
.ductil.oolethehydrocarbons.Thecornp.etereactionsthenwou.dbe. 



25 cfcs + h ; + o ; - ) hf + co j + h,o + hf + hci 

StFa + H^O^HF + ftO+StO: 
CCL, + H 2 + Oj-»HC1 + H 2 0 + COj 

Re d„c,,o„ of other halogen-contarnrng feed g as can result in a variety of 



30 



-TT:" e^:entsof,hepr„ces S e,a, te st„neof r e r 
Luble or at leas, ntore water-soluble than the ha.o g en-co„ta,n,n g 
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wat er solubie gaseous reduction products can be dissolved in water tor further 

Po exampie HF gas can be scrubbed and the resuitmg HF-con.a,n,n B water 
treatment, t or txampie, in b *u,«i f™- HF icid 

can be neutraiized with a base. One particular neutralizat.on method .or HF actd 
„t treat,n g the HF actd in a caicium or sodium a.ahne scrubber ,„ produc 
5 I Z or sodium fluoride. The catcium or sod.um fluoride ma, be s„bse q uen >, 
esLandsen,.„a,a„dfi,,orusedasa„addi,ive f orde„,aUrea,me„,s. Ohe 

Z - -hnicues such as a water bubbier or water spra, contactor ma, a so b used 
rivin, gaseous reduc,,o„ products tha, are no, .ntended for emtsston tnto , e 

,„ "I ma, occur a, icas, partiaU, within the ptasma reactor. Alternate, he 

«in 8 lay be performed downstream from the piasma reactor ,„ a separate un,t. 
Z cl, g is weiUnown and an, suitabie dev.ces or processes ma, be used. 

The hrturd present during the p.asma generat.on and reduction reactton ma> be 
any , iq uid tha has heat absorbing and gas-soivating characteristics, U.ustrat.ve eat- 

2 lut , «TC and a high hea, of vaporizanon such as. for example, a, ieas, about ,5 
rmiw.eris.he.ptcaU.uid.butotheriMdssuchasa.cohoMigb.ods.wa^ 

! I hvdrocarbons ma, be used. When F, is the treatment gas the water ma, 

M sodium hvdrox.de. Caicium h,droxide and sodium h,drox,dc react w„h HF 

lid promote addition, scrubbing of the HF from the product gas stream m the 
J! reactor. The hea, absorbed b, the ,,u,d water causes a, ieas, a port.on of the 
linuid wa,er to evaporate into the gas phase (i.e.. steam,. Th,s heat 

25 bl gas m Lure undergomg treatment. For exampie. in certain 

Ipera, re of the bu, k gas mixture does no, exceed about ,00"C. Since no heat ,s 

these embodiments does not exceed about 100°C. 
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Tbe plasma may be genera.ed by any energy supply source known in .be -J. 
F r example .he plasma cou.d be e„erg,zed by radio frequency (RK). nucrowave, laser. 

L each .ype of plasma and any sueb B e„me.ry may be suhable for effec.mg .be 

the Dlasma is a non-thermal plasma. 

A bas.c d.s.mction be.ween non-.bermal plasmas and .norma, plasmas ,s 
des cr,bed above. Ofber possible charac.eri,,es of non,hermal plasmas are ,ha. some 

pressure In addition, .be power sources are relatively s.mple AC or DC sources. 

employ ed. Non,berma. plasmas .ypically opera.e from sub-ambien. ,emper,ure up 
at ieas. at*u. 600°C. bu. ,be .empera.ure of .he bulk gas in .he plasma may vary 

losed reduction of F 2 is an ex„.hermic reaction and. .bus. ,he .empera.ure of.be 
:l B asin,bep,s m amay ri se t oabou, 5 00or600.C.H„ W ever,b 1 s,em P er,ureca n 

be reduced .0 iess .ban or equal ,0 abou. 100°C by generating .he plasma m .he 
presence of a Uquid ,ha. can absorb .he he, as described below ,„ more de,a,l. 
0 ' The operating pressure for nonthermal plasmas may vary. For example. ,„w 

1 exalle abou, 1 mTorr .0 abou. 50 Torr. S„en. discharge reacors and pulsed-DC 

Z» ^e-ambien. pressure such as. for example, abou. 0, armospheres .0 abo, 
, 5 lospheres.Thep„werrequired.„ g ener,e.he„o„-.herma,p,as ma mayvary 

" depending upon the feed gas flow ra.e and .he .ype of halogen-comammg gas 

lh e equation: (volume flow rare x energy/volume ^power,. For example ,n .he 
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approxima.eiy • k Wo f powerre q ui re dper4001./ m ,nu,eo ff eed g a, 

A „h„u g h any type of non-,he m a, p,as m ,genera,in g system .a be u or 

5 I * o g eneratin g P*"» * T t W0 ™ 

3 systems a, referred to herein as a silem 

(als „ known in the art as "dre.ecmc barrier d,schar g e reactor > and a puised-DC re e l0 , 

A „ addi.ional. particuiarly useful, p.asma reacto, embodiment ,s referred ,„ herem « 
10 -mm ischar g -to,. U shouid be record tha, f.hn discharge reactors may be 
IlresardLsoftbetypeofp.sma.enerationsystememp.oyed.ino.erwords.a 

::; ing i„as i ,e,.disc h ar g e.f, 1 rnreac,or,rbe g e„era, g e„me,rya„d„pera, 1 o„»fa 

film discharge reactor is also described below. 
, , ,„ a L, dischar g e reaetor. a, ieas, one h, g h vo,,a g e e.eetrode ,s locaKd a 

" distance from a, leas, one „pposin g g r„und eiectrode. The g aps between the h,gh 

Ze electrodes and the opposin g g round electrodes deftne a passa g e t rou g h w , h a 

7e lectrodes A v„,,a g e ,s applted to the h, g h v„,.a g e e.eetrode to generate a non- 
Cectrode. The non-therma. plasma is maintained by a P p.ytn g an AC v„ita g e 

opp„sm g g round e.eetrode. The g ap between the hi g h vol,a g e eiectrode an d . e 
25 opposing g round electrode defmes a passa g e ,hrou g h which a g as now. There s no 
25 opposing , vnl ,» >e k applied to the high voltage 

electric material disposed on any surface. A \oltage isapp 

strode to generate a non-therma. p.asma d.scharge in a, leas, a ponton of th ap 
n maintained by applyin g a pu.sed DC vo.tage to the high vo,,a g e e.eetrode. 
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i ^,„n verv cuicklv (e.g.. a nanosecond). In general, 
pulsed DC voltage ramps up and down very quicK.l> g 

t ^ to he more expensive than silent discharge reactors due 
™,kod-DC reactor svstems tend to be more expensive 

elaborate power supply ^figuration re,u,red * P--~ 
In b „,h the silent discharge reactor and ,he pu,sed-DC reac.or. when ,he ecne 
5 field reaches a sufficen. ,eve,. electrons are acce,er,ed ,o the point .ha. .he, w.11 
co , Ud e with, and .onrze, gas molecules. Each S uch coiiision produces a charged 
molecule (i. e .. ion) and one addttionai electron. This con.inu.ng process mutapl.es he 

silen . d.scharge reacor .he avaianches (also known as "micro-streamers _ 
,„ u„.i. i. impacts a dieiec.ric ma.eria, harrier. The charge accumuiatton a. .he d.elec 

TO „a g e e,ec.rodc reverse, ,he process repea, i.sei, .n .he case of a pulsed-DC e «». 
U,e end of .he DC puise extinguishes each avalanche. The ciec.rons genera.ed ,n 
,5 plasmas react with the gases in the gap as desenbed above. 

bod, of iiouid .ha. con,ac.s or .mmerses an oppos.ng second eiecrode or a d,e ectnc 
JL disposed on the second eiecrode (referred to here.n as the "wetted electrode ,. 

2 „ eiecrode. Alternative!,, the second electrode may be d.sposed in a l.au.d ba, or 

Lvcir ,h, may or may no. be flown, The space be.wee» .he flrs, eiecrode and .he 
opposing second eiecrode defines a passage .hrough which a .rea.men. gas flow, 

d ,scharge reactor can absorb the hea, generated by .he exo.hermic reducUon reac on 
and can a. ieas. initially disso.ve the wa.er-soluble reac.ion products as ment.oned 



above. 
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The plasma can be generated in a device containing any type of geometrical- 
shaped electrodes. General classes of potential devices include parallel plate (horizontal 
or vertical) reactors, cylindrical plasma reactors, and reactors containing arrays ot 
tubular electrodes. One example of a possible non-thermal, film discharge reactor 
5 configuration is shown in U.S. Patent No. 5.980,701 . A few particular embodiments of 
possible non-thermal film discharge reactors are described below. 

One embodiment of a non-thermal, film discharge reactor is shown in FIG. 1 . A 
chamber 10 defines an upper portion 11, a lower portion 12, side wall 15, top wall 22, 
bottom wall 23. and an interior void 18. The chamber 10 depicted in FIG. 1 .s 
10 cylindrical but it could be another shape such as conical or rectangular. At least one 
first electrode 13 is received within the upper portion 11 of the chamber 10. A 
dielectric barrier coating or sheath 14 is disposed on the surface of the first electrode 13. 
The dielectric barrier coating 14 may encapsulate all or a substantial portion of the first 
electrode 13 The first electrode 13 may be made from any type of conductive material 
1 5 known in the art such as, for example, graphite, vitreous carbon, stainless steel, or other 
metals, or a conductive salt solution. The dielectric barrier coating 14 may be made 
from any type of known dielectric material such as alumina, perfluorinated 
polyethylene, quartz, glass, or other metal oxides. The dielectric barrier coating 14 
should be sufficiently thick to prevent dielectric breakdown of the dielectric material at 
20 the operating fields of the device. The first electrode 13 coated with the dielectric 
barrier 14 may have any shape such as an elongated rod, a wire or an elongated plate. 

At least one second electrode 16 is located at the side-walls 15 of the chamber 
10 The second electrode 16 is disposed within the chamber 10 in the sense that it may 
define the side-walls 15 or it could be disposed on an inside surface 17 of the side-walls 
25 15 The second electrode 16 may have any shape such as a tubular plate extending 

around the circumference of the cylindrical chamber 10. circular rods extending around 
the circumference of the cylindrical chamber 10, an elongated, substantially planar 
plate, or a porous matenal such as a fabric or foam-like material. Although not shown, 
the second electrode 16 may include a dielectric barrier coating or sheath. 
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According .o .he embodiment of FIG. 1 an AC voltage source (not shown) is 
operative* coupled to firs, electrode .3 and the second electrode ,6 is grounded (or 
connected to a low voltage source (not shown)). Thus, first electrode ,3 „ the h,gh 
voltage or "hot" electrode and the second electrode 16 is the ground electrode. 
Alternative,, the AC voltage source could he coupled to the second electrode ^a„ 

second electrode ,6 are positioned in an opposmg relationship so that an electnc l.eld 

electrode 16. , 

,n general, the plasma reactor chamber defines a, leas, one inle, for mtroducmg 
. feed gas into the tnterior void of the chamber. Accordtng to one variant (no, shown), 

,„e reducing agent gas. I. other words, the treatment gas and the reducing agent gas are 
pre-mixed prior to entering the plasma reactor chamber. According ,„ another vanant 
(depicted in FIG. I ), the treatment gas and the reducing agent are mixed m the plasma 
Juon chamber. Of course, pre-mixing and m-chamber mixing could both be used ,n 

" T„ particular, there ts at least one tnle. 19 for introducing the treatment gas ,n,o 
lh e interior void .8 of the chamber 10. Inle, .9 may be located a, any posifton m the 
M chamber such as the top wall 22 of ,he chamber 10 as illustrated in FIG. I or „ > the 

defines pinholes for introducing the treatment gas. In.e, ,9 is in fluid commumcahon 

with a source of treatment gas. 

There is also a, leas, one inlet 20 for introducing the reducing agent .nto the 
interior void .8 of the chamber ,0. Inlet 20 also may be located a, any posifion ,n the 
chamber 10. In the FIG. 1 embodtment. the side-walls ,5 and second electrode .6 
define inlets 20. For example, the side-walls .5 and/or second electrode 16 can be 
made of a porous or foam-like material or they can define pmholes through whtc the 
r educ,n g agent gas can flow, .n the case of the stde-wa.ls ,5. the porous matertal can 
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be made otalumina. perfluorinated polyethylene (e.g.. Teflon®,. glass or other metal 
oxid e S The inlets 20 may be arranged along the axial length of the cylindrical chamber 
,0 so that .he reducing agent can be gradually introduced into the treatment gas stream 
as i, flows through the chamber 10. Inlet 20 is in fluid communication wt.h a reducng 

5 agent source. . 

The interior void 18 of the chamber 10 includes a liquid region 21 that ts 
contiguous w,,h the inside surface 17 of the side-vva.ls ,5 and parttally fills the in.er.or 
void 18 The liquid region includes a liqutd surface 30 facing the intenor votd 18 of the 
chamber 10 A heat-absorbing liquid such as described above occupies liquid regton 21 
,0 during operation of the plasma reactor. The liquid regton 2, depicted in FIG. I ,s m the 
form of a liquid film that gravity flows along the inside surface 17 of the stde-walls 15. 
The liquid film is maintained within liquid region 21 via surface tension. The tnstde 
surface 17 of the side-walls 15 may be provided with grooves or other types of tex.unng 
for promoting the uniformity of the liquid film. 
, 5 Two examples of side-wall 15/liquid region 21 configurations are shown ,n 

FIGS 7 and 3, respectively. Both FIGS. 2 and 3 illustrate horizontal electrode 
embodiments as opposed to the cylindrical vertical embodiment of FIG. 1 . But the 
ground electrode, liquid region and reducng agent introduction arrangements deptcted 
in FIGS 2 and 3 may also be utilized for the side-wall 15/liquid regton 21 of FIG. 1. In 
20 particular, the destgn in FIG. 2 is provided with a flrst section 50 ,ha, tncludes firs, 
electrodes 51. a diffuser 52 through which the reducing agent can flow, and a hqutd 
region 53 The first section 50 is an example of a possible arrangement for the stde- 
waM 15/hqutd region 21 of FIG. 1 . Similarly, the design in FIG. 3 is provided wtth a 
first section 70 that includes first electrodes 71. a liquid region 72. and an 
25 electrochemical cel. 73 for producing a reducing agent gas. The embodtments shown ,n 
FIGS 2 and 3 are described below in more detail. 

Referring back ,0 FIG. 1. the top wall 22 of the chamber 10 defines an inlet port 
24 for introducing the liquid into the liquid region 21. The bottom wall 23 of the 
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chambcr 10 defines an outlet port 26 through which the liquid exits from the chamber 

The interior void 18 of the chamber 10 also includes a gas-scrubbing region 27 
that is populated with gas-scrubbing packing material 28. The gas-scrubbing packing 
material 28 may be any type of material that is known to provide increased surface area 
for gas/liquid exchange. Illustrative gas-scrubbing packing material particularly 
suitable for HF include perfluorinated polymeric materials such as perfluorinated 
polvethylenes or polyvinylidene fluoride. Liquid may be provided to the gas-scrubbing 
packing material 28 by draining the liquid from the liquid region 21 through the gas- 
scrubbing packing material 28. Optional liquid sprayers 25 may also be provided at the 

side- walls 15 of the chamber 10. 

The chamber 10 also includes at least one outlet 29 for exhausting the product 
gas mixture from the chamber 10. The outlet 29 may be located at any position in the 
chamber 10 such as, for example, in the lower portion 12 of the chamber 10 as shown in 
FIG 1 . In a variant that has the treatment gas inlet 19 located in the lower portion 13 of 
the chamber 10, the exhaust or product gas outlet 29 typically is located in the upper 

portion 11 of the chamber 10. 

During operation of the plasma reactor of FIG. 1 a treatment gas will flow- 
through inlets 19 and then vertically down along the length of void 18 in the chamber 
10 The treatment gas includes a halogen-containing gas such as F 2 and may include 
other gases such as N, A reducing agent gas such as H 2 will flow through inlets 20 and 
into void 18 of the chamber 10. The reducing agent gas flowing through inlets 20 
bubbles through the liquid in the liquid region 21 and mixes into the treatment gas 
stream forming a feed gas stream. A liquid such as water may also be flowing through 
the liquid region 21. Thus, the liquid and the gas may be flowing in the same direction 
through the chamber 10 (i.e., co-current flow). The flow rate of the treatment gas, 
reducing agent gas. resulting feed gas mixture, and liquid may vary widely depending 
upon the desired amount of treatment gas for abatement. For example, the flow rate of 
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)he feed gas mixture mrough ,he chamber .0 may be from abou, 100 standard eub.c 
centimeters per minute (seem) to abou. 1 500 standard liters per mmu.e. 

Electric power will be supplied from the AC voltage source to the first electrode 
,3 to generate a non-thermal plasma in the feed gas mixture present ,n the gap between 
5 the first electrode 13 and the second electrode 16. The frequency applied to the firs, 
eieetrode 13 may vary depending upon the feed gas flow rate and halogen 
concentrate The applied frequency, for example, may range from abou, 50 Hz to 
aboll , ,000 Hz. particularly about ,00 Hz to about 1000 Hz. The voltage appl.ed to the 
firs, electtode .3 may vary depending on the gap distance between the firs, electrode 13 
,0 and the second electrode .be types of gas in the feed gas. and .he .empera.ure and 
pressure of .he sys.em. The applted vohage should be suffteien. .o a, least reach onset 
!„,,a g e as is unders,„„d in ,he art. As an example, a volrage of abou. ,0 ,o abou, 
may be applied ,o me firs, electrode 13 when the feed gas is a mixture of F, N 2 and H : 
and the electrode gap is about 0. 1 to about 3 cm. 
, , The reduction reaction in the plasma-excited feed gas mixture will occur a. or 

" near ,he in.erio, surface 30 of the liquid region 2.. Consequently, the exothermic he* 
from the reduction reaction wi.l be absorbed by the liquid in the liquid region 21. The 
heat absorptton may be sufficient to vaporize a portion of the liquid, bu, ,he con.muous 
feed of fiowmg liqutd wi.l replace any vaporized portion. The vaporized liqu.d (e.g., 
20 steam , en.ers the void 18 of the chamber 10 and is exhausted wilh the product gas 
stream via exhaust gas outlets 29. 

At leas, a portion of the water-soluble gaseous reduction product (such as HF) 
formed in the void 18 of the chamber 10 wi.l be scrubbed from the gas stream as „ 
progresses down the vertica. axial length of chamber .0. In particular, a portion of the 
25 gaseous reduction product may dissolve in the liquid of the liquid regton 2. as ,, flow, 
down the inside surface 17 of the side wall 15. A portion of the gaseous reduction 
product also dissolves in the liquid provided in the gas-scrubbing reg.on 27. 

The exhaust gas exiting through outlet 29 may include any reduction reaction 
product tha, was no, removed from the scrubbing action in the chamber 10 (such as 
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HF), non-reducible gases that were present in the treatment gas (such as N 2 ). and excess 
reducing agent (such as H 2 ). The liquid exiting through outlet port 26 may include 
dissolved reduction products (such as HF). 

It will be appreciated that there could be variations of a cylindrical, non-thermal, 
film discharge reactor similar to that depicted in FIG. 1 . For example, the treatment gas 
could flow ,nto the chamber at the bottom of the chamber and the product gas exit at the 
top of the chamber. In such a variant, the liquid flowing down the inside surface 17 of 
the side wall 15 will be moving countercurrent to the flow of the gas. This may provide 
improved absorption of the reduction product into the liquid. 

Another option is to not provide the scrubbing packing material 28 in the 
interior void 18 of the chamber. In this case, partial scrubbing of the reduction product 
in the liquid of the liquid region 21 likely will occur, but the product gas exhausting 
from the chamber will include a greater concentration of reduction product gas. Such 
remaining reaction product gas could simply be scrubbed in a downstream module. 

As mentioned above, both FIGS. 2 and 3 illustrate examples of the electrode 
arrangement in horizontal, silent-discharge, film reactors. FIG. 2 depicts an 
embodiment wherein the reducing agent gas is supplied from a source (not shown) 
external to the reactor. FIG. 3 shows an alternative approach for supplying the reducing 
agent that involves integrating an electrochemical cell into the plasma reactor structure. 
Another possibility is to provide the plasma reactor with a H 2 reformer. 

In particular, FIG. 2 depicts first electrodes 51 that are surrounded by a liquid 
region 53. The liquid region 53 is bounded or supported on a lower side 54 by a 
diffuser 52. The liquid region 53 has an upper surface 55. Second electrodes 56 are 
located a distance above the upper surface 55 of the liquid region 53 in an opposing 
relationship relative to the first electrodes 51. A dielectric barrier coating or sheath 57 
is disposed on the surface of second electrodes 56. The first and second electrodes 51 
and 56 dielectric barrier 57, and liquid in the liquid region 53 may be comprised of the 
same materials as described above in connection with FIG. 1 . The diffuser 52 may be 
m ade of any porous or foam-like material that includes microvoids for allowing passage 
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of reducing agent gas molecules 58 to bubble into the liquid. In FIG. 2. first and second 
electrodes 51 and 56 are in the shape of cylindrical rods, but both or either electrodes 51 
and 56 could have other shapes such as. for example, planar plates. If first electrode 51 
is planar in shape it can be provided with pinholes or microvoids (such as in a porous 
5 material or mesh) for allowing passage of the reducing agent gas. It will be understood 
that the rod-shaped electrodes 51 and 56 have an axial length extending out from, and 
into, the plane of the drawing surface of FIG. 2. 

It will be appreciated that the representation in FIGS. 2 shows only a portion of 
a horizontal plasma reactor. First region 50 and second electrodes 56 may be housed 
1 0 inside a chamber. The rod-shaped electrodes 51 and 56, and the diffuser 52 may be 
connected to a wall of such chamber for support. The chamber, of course, would 
include inlets and outlets for the treatment gas, reducing agent gas, product or exhaust 
gas and the liquid. An AC voltage source (not shown) is operatively coupled to second 
electrodes 56 and the first electrodes 51 are grounded (or connected to a low voltage 
1 5 source (not shown) ). Thus, second electrodes 56 are the high voltage or "hot" electrode 
and the first electrodes 51 are the ground electrodes. Alternatively, the AC voltage 
source could be coupled to the first electrodes 51 and the second electrodes 56 could 
serve as the ground electrodes. The first electrodes 51 and the second electrode 56 are 
positioned in an opposing relationship so that an electromagnetic field can be generated 
20 in the void or gap 59 between the first electrodes 51 and the upper surface 55 of the 
liquid region 53. 

During operation a treatment gas will flow in the gap 59 and mix with reducing 
agent gas bubbling out of the upper surface 55 of the liquid flowing through the liquid 
region 53 to form a feed gas mixture. A silent discharge plasma will be generated in the 
25 feed gas mixture in the gap 59 to initiate and sustain the reduction of the halogen gas in 
the treatment gas. The resulting product gas then will exit the chamber via an exhaust 
gas outlet. The feed gas flow direction and liquid flow direction may both be parallel 
along the axial length of the electrodes 51 and 56 (i.e.. co-current flow) or there may be 
countercurrent flow. Alternatively, the feed gas flow direction and the liquid flow 
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direction may be perpendicular (or at some other angle) relative to the each other. In 
this ease, either the feed gas flow direction or the liquid flow direction would be 
perpendicular or angled relative to the axial length of the electrodes 51 and 56. 

FIG. 3 depicts first electrodes 71 that are surrounded by a first liquid region 72. 
An electrochemical cell 73 for generating a reducing agent such as H 2 is located 
adjacent to the first liquid region 72. The electrochemical cell 73 includes an 
electrochemical ground electrode 74, a membrane 75, and a cathode 76 and is immersed 
in a second liquid region 77 (e.g., water). The electrochemical cell 73 generates H 2 
molecules 78 and 0 2 molecules 79 based on well known principles. The membrane 75 
m ay be angled relative to the plane of the cathode 76 to flow the 0 2 molecules 79 in the 
direction indicated in FIG. 3. The electrochemical ground electrode 74 and cathode 76 
mav be made from any type of conductive material known in the art such as, for 
example, graphite, vitreous carbon, stainless steel, other metals, or a conductive salt 
solution The membrane 75 may be made from any ion exchange material known in the 
art such as, for example, perfluorinated polymers (e.g., Nafion® available from E.I. du 
Pont). 

Electrochemical ground electrode 74 partitions first liquid region 72 and second 
liquid region 77. The respective liquids in first liquid region 72 and second liquid 
region 77 may be the same or different. According to a particular embodiment, the 
liquid is water in both first liquid region 72 and second liquid region 77. 

The first liquid region 72 may be bounded or supported on a lower side 80 by 
the electrochemical ground electrode 74. The first liquid region 72 has an upper 
surface. Second electrodes 82 are located a distance above the upper surface 81 of the 
first liquid region 72 in an opposing relationship relative to the first electrodes 71. A 
i dielectric barrier coating or sheath 83 is disposed on the surface of second electrodes 
82 The first and second electrodes 71 and 82. dielectric barrier 83, and liquid in the 
first liquid region 72 may be comprised of the same materials as described above in 
connection with FIG. 1 . In FIG. 3. first and second electrodes 71 and 82 are in the 
shape of cylindrical rods, but both or either electrodes 71 and 82 could have other 
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shapes such as, for example, planar plates. If first electrode 71 is planar in shape it can 
be provided with pinholes or microvoids (such as in a porous material or mesh) for 
allowing passage of the reducing agent gas. It will be understood that the rod-shaped 
electrodes 71 and 82 have an axial length extending out from, and into, the plane of the 

5 drawing surface of FIG. 3 . 

It will be appreciated that the representation in FIGS. 3 shows only a portion of 
a horizontal plasma reactor. First region 70, second electrodes 82 and electrochemical 
cell 73 may be housed inside a chamber. The rod-shaped electrodes 71 and 82, and the 
electrochemical cell 73 parts may be connected to a wall of such chamber for support. 
10 The chamber, of course, would include inlets and outlets for the treatment gas. reducing 
agent gas, product or exhaust gas and the liquids. An AC voltage source (not shown) is 
operatives coupled to second electrodes 82 and the first electrodes 71 are grounded (or 
connected to a low voltage source (not shown)). Thus, second electrodes 82 are the 
high voltage or -hot" electrode and the first electrodes 71 are the ground electrodes. 
1 5 Alternatively, the AC voltage source could be coupled to the first electrodes 71 and the 
second electrodes 82 could serve as the ground electrodes. The first electrodes 71 and 
the second electrode 82 are positioned in an opposing relationship so that an 
electromagnetic field can be generated in the void or gap 84 between the first electrodes 
71 and the upper surface 81 of the first liquid region 72. A DC power supply that 
20 operates at low voltage and moderate current may be coupled to the electrochemical 
cathode 76. 

During operation a treatment gas will flow in the gap 84 and mix with reducing 
agent gas bubbling out of the upper surface 81 of the liquid flowing through the liquid 
region 72 to form a feed gas mixture. A silent discharge plasma will be generated in the 
75 feed gas mixture in the gap 84 to initiate and sustain the reduction of the halogen gas in 
the treatment gas. The resulting product gas then will exit the chamber via an exhaust 
gas outlet. The feed gas flow direction and liquid flow direction may both be parallel 
along the axial length of the electrodes 71 and 82 (i.e.. co-current flow) or there may be 
countercurrent flow. Alternatively, the feed gas flow direction and the liquid flow 



, „ (n/r , () , EXPRESS MAIL LABEL NO. EL828141671US 



direction mav be perpendicular (or a. some other angle, relative to the eaeh other. In 
this ease, either the feed gas flow direction or the liquid flow direction would be 
perpendteular or angled relative to the axial length of the electrodes 71 and 82. 
Another silent discharge plasma reactor that can be used to perform the 
5 disclosed processes is represented in FIG. 4. An inner cylindrical electrode 1M , 
received within an outer tubular electrode 101. The outer cylindrrcal electrode 101 
defines an inner surface 102 that supports a first dielectric barrier 103. The tnner 
cylindrtcal electrode 100 defines an outer peripheral surface 104 that supports a second 
dielectric barrier .05. The inner surface 102 of the outer electrode 101 and the outer 
,0 surface of 104 of the inner cylindrical electrode 100 define an annular gap 106. 

According to another embodiment, only one of the firs, or second dielectric barners 
103 105 is present. A dielectric packing material may be received within a. leas, a 
portion of the annular gap IK. Illustrative dielecric packing materials include quartz, 
alumtna, titania. other non-conductive ceramics, and fluorinated polymers. The 
15 electrodes 100 and 101 and the dielectric barriers 103 and .05 may be made with any of 
,he materials described above in connection with the embodiments shown m FIGS 1 -., 

An AC voltage source (no. shown) is operatively coupled to inner cylmdr.cal 
electrode 100 and the outer tubular electrode 101 is grounded (or connected to a low 
voltage source (no, shown)). Thus, mner cylindrical electrode .00 is the high voltage or 
20 ■'hof electrode and the outer tubular electrode 101 is the ground electrode. 

Alternatively, the AC voltage source could be coupled to the outer tubular electrode 101 
and the inner cylindrical electrode 100 could serve as the ground electrode. An 
electromagnetic field can be generated in the annular gap 106. 

During operation a feed gas mixture that includes the treatment gas and the 
,5 reducing agent gas enters the reactor through an mle, (no, shown) and flow, through the 
annular gap 106. A stent discharge plasma is generated in the feed gas mixture ,n the 
annular gap 106 to initiate and sustain the reduction of the halogen gas in the treatment 
gas. The resulting product gas then will exit the reactor via an exhaust gas outlet (no. 
shown). 
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As described above, the corrosive effect of the reduction products such as HF is 
substantially diminished at the lower operating temperatures of the disclosed processes. 
One consequence is that HF-resistant materials such as fluorinated polymers (e.g., 
Teflon® perfluorinated polyethylenes or polyvinylidene fluoride) can be used for parts 
5 of the plasma reactor or to coat exposed surfaces of the plasma reactor. Such materials 
tend to be less expensive than the specialized corrosion-resistant metal alloys required 
in harsher environments resulting from higher temperatures. 

The plasma reactor may be connected to the various gas and liquid sources and 
exhaust gas treatment modules by any known means. FIG. 5 depicts one example ol a 
10 system that includes a silent-discharge, film reactor. It will be appreciated that there 
may be alternative arrangements of the various components of the system shown in 
FIG. 5. The system may also include further components such as additional gas sources 
or control devices such as pumps and valves. 

With specific reference to FIG. 5, there is provided a treatment gas source 120 
15 and a reducing agent source 121 . The treatment gas source 120 and the reducing agent 
source 121 are connected to conduits 122 and 123, respectively. Conduits 122 and 123 
converge in a gas-mixing zone 124. The gas-mixing zone 124 is connected to a silent- 
discharge, film-discharge reactor 126 via gas conduit 125. 

The reactor 126 includes at least one feed gas inlet 127 and at least one exhaust 
20 or product gas outlet 128. The exhaust gas outlet 128 is connected to a water-scrubbmg 
unit 144 via gas conduit 145. The reactor 126 also includes a first plate electrode 129 
and a second plate electrode 130 that are positioned in an opposing relationship. The 
first electrode 129 is operatively coupled to an AC voltage source 131 and the second 
electrode 130 is grounded (or connected to a low voltage source (not shown)). The first 
25 electrode 129 has an inner surface 132 upon which is disposed a first dielectric barrier 
133 The second electrode 130 has an inner surface 134 upon which is disposed a 
second dielectric barrier 135. A liquid film 136 flows along the length of an inner 
surface 137 of the first dielectric barrier 133. A gap 146 is defined between an inner 
surface 147 of the liquid film 136 and an inner surface 148 of the second dielectric 
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v Hp mide from the materials described above. 
The ou,e, port ,39 may be fl,d,y conned to a i.uid reservoir .4.. he ,tud 
I L source ,« and a hcuid pur g e condur, ,43 are flu* connected ,„ the 

feed gas mixture flo»,„ g through the gap ,46. The iicrutd ftlm ,3 (.*. ™» * 
, , The reduction reaction in the non-thernra, ptasma wi„ occur a, or near the ,nn r 

, 0 conduh,4,T„e g ase X i,ing,hereac,„rn6«^^^^ 
" inciude react.on products (e.g., HF> and an, non-reacted tner, g ase e.g.. ^ 
^er-soiubie reaction produces, are then treated ,n the water-scrub , g u„ 

Contro. of such a systen, exerted by FIG. 5 .ay be tmp.enrented h an f 

operating parameters of the system ^e.g.. 
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* fw nte etc ) The controller then generates 
plasma reactor electrode, water flow rate, etc.). 

■ • n »U to the control devices for each such operating parameter. 

measunn 8 .he haiogen concentration an, a dj us,in 8 the amount of reducing agent and 

dieting haiogen concentration ma y be operative,, coupled to gas condutts ,22, 
!T 25 an to ,i q md rec y c„ng ioop 14.. Another usefu, parameter for mom.ortng 
l e the voltage and enrren, measured from the high voitage eiectrode to the .round 
I I for e ample, m the svstem of FK, 5 a voitage probe ma y be „pera„ve, y 
, o d to the first eiectrode ,2, and a sensin 8 capacitor ma, he operate. 

probe-and-capacrtor arrangement is described in Rosenthai. L. and Davts. D„ Corona 
Oischarge for Surface Treatment, IEEE Transactions of indust, Apphcattons. 

' effluent streams from semiconductor manufacturing processes such as plasma etcK 
pi Lenhanced chemicai vapor deposition and p.asma-assisted chamber cleamng 

25 stream immediate., after i, exists the etch or deposttion chamber. 

T „e specific e*am pl es described bciovv are for iilustranve purposes and shouid 
„„, be considered as limiting the scope of this disclosure. 
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Example 1 

A treatment gas containing 1000 ppm F 2 m N 2 background gas was mixed with 
various H, streams (a. a 1:1 H 2 ;F 2 molar ratio and a 2:1 H 2 :F 2 molar ratio). The 

5 treatment gas and H 2 were supplied a. ambient temperature and pressure. The resultmg 
feed gas mixtures were introduced into the annular gap of a silent discharge plasma 
reactor having a configuration as shown in FIG. 4. A non-thermal plasma was 
generated in the feed gas mixtures with AC voltages having different frequences 
applied ,„ the high voltage electrode (400 Hz. 200 Hz and 1 00 Hz,. The reactor 

, 0 temperature ranged from 30-35«C. The resulting amount of F 2 in the exhaust gas 
stream and energy required is shown in the graph of FIG. 6. 

Example 2 

1 5 Treatment gases containing 4000, 2000, or 1 000 ppm F 2 in N 2 background gas 

were mixed an H 2 stream at a 2:1 H 2 :F 2 molar ratio. The treatment gas and H 2 were 
supplied at ambient temperature and pressure. The resulting feed gas mixtures were 
introduced into the annular gap of a silent discharge plasma reactor having a 
configuration as shown in FIG. 4. A non-thermal plasma was generated in the feed gas 

20 mixtures with a 200 Hz AC voltage applied to the high voltage electrode. The reactor 
temperature ranged from 30-35°C. The resulting amount of F 2 in the exhaust gas 
stream and energy required is shown in the graph of FIG. 7. 

Having illustrated and described the principles of our disclosure with reference 
to several embodiments, it should be apparent to those of ordinary skill in the art that 
the invention may be modified in arrangement and detail without departing from such 
principles. 
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